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SUPERSONIC CHARACTERISTICS OF BOTH LAUNCH AND
FLYBACK CONFIGURATIONS OF A VTO
REUSABLE LAUNCH VEHICLE®

By Robert J. McGhee and P. Kenneth Pierpont
Langley Research Center

SUMMARY

An investigation has been conducted in the Langley Unitary Plan wind tunnel
to determine the longitudinal and lateral-directional stability for a vertical-
take-off launch vehicle and its fixed-wing reusable first stage. In addition,
control effectiveness, effects of vertical-tail arrangements, and a semisub-
merged flyback engine nacelle are indicated for the reusable first stage. The
complete launch vehicle was tested at angles of attack from -4° to 16°, sideslip
angles of 0° and 4°, and Mach numbers of 2.36, 2.96, and 4.63. The first-stage
reusable booster was tested at angles of attack from -4° to 35° for the same
Mach numbers and sideslip angles as the complete launch vehicle. Test Reynolds

numbers per foot varied from approximately 2 X lO6 to 3 X 106.

From the estimated center-of-gravity location in flight during the launch
trajectory, the longitudinal and lateral center of pressure of the launch vehi-
cle are well rearward of the estimated center of gravity for all Mach numbers
at an angle of attack of 0°.

The pitching-moment curves for the first-stage winged reusable booster were
nonlinear and were characterized by a large range of 1lift coefficients with nom-
inal stability. Outboard mounted vertical tails employing 15° of outboard cant
provided significant improvement in longitudinal stability throughout the Mach
number range of the investigation. Positive longitudinal stability coupled with
small changes in stability with Mach number are indicated near maximum lift-drag
ratio. Large wing-tip mounted vertical tails employing 5° of toe-in provided
positive directional stability. Elevon effectiveness and longitudinal stability
both decreased with upward elevon deflections. Rudder effectiveness decreased
with increasing Mach number and angle of attack. Differential roll-control
effectiveness increased with angle of attack but decreased with Mach number;
however, the Mach number deterioration was considerably less at higher angles
of attack.

*Title, Unclassified.
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INTRODUCTION

The interest in future manned space flight missions suggests that winged
reusable orbital launch vehicle systems may offer significant improvements from
the standpoint of safety and reliability. The NASA Langley Research Center is
investigating the aerodynamic characteristics of such launch vehicle systems.
Results of investigations of an initial design of a large winged vertical-take-
off reusable launch vehicle are indicated in reference 1. ‘

The purpose of the present investigation was to provide aerodynamic char-
acteriatics of the complete two-stage vertical-take-off launch vehicle and the
first-stage winged reusable booster at supersonic speeds. The firct stage of
the launch vehicle was completely redesigned from the test results of refer-
ence 1. Principal changes included a new wing planform and location as a result
of a reassessment of the probable vehicle center of gravity and stability
requirements, relocation and change in both area and planform of the vertical
tails, and a relocation of the flyback turbine engines. Some effects on the
first-stage reusable booster of vertical-tail arrangements and a semisubmerged
flyback engine nacelle together with longitudinal, lateral, and directional
control effectiveness are presented herein.

The tests were conducted in the Langley Unitary Plan wind tunnel at angles
of attack from approximately -4° to 35° at Mach numbers of 2.36, 2.96, and 4.63.
Data to derive stability characteristics were obtained at 0° and 4° of sideslip.

The test Reynolds number per foot varied from approximately 2 X 106 to 3 X 106.

SYMBOLS

The aerodynamic data are reduced to standard coefficient form. All data
for the launch vehicle are referred to the body axes. All lateral-directional
and control data for the first-stage winged reusable booster are referred to the
body axes, whereas the longitudinal data are referred to the stability axes.

The moment reference for all data was selected to be 0.90 body diameter forward
of the model base. All coefficients are referred to the body base area and body
diameter.

Normal force

CN normal-force coefficient,
UoSref
Ca axial-force coefficient, Total axial force
qwsref
cp 1ift coefficilent, —%fi-
DooPref
Cp drag coefficient, Total drag
QeoSpef
2 GNP
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Pitching moment
9O perD

pltching-moment coefficient,

rolling-moment coefficient, Rolling moment

oS pefD
yawing-moment coefficient, fawing moment
%S refrD
side-force coefficient, Side force
YoSref
3y
normal-force-curve slope, =’ per deg
6CL
lift-curve slope, Saf, per deg
3C,,
longitudinal stability parameter (referred to body axes), _E_
N
. aCm
longitudinal stability parameter (referred to stability axes), SE—
L
ACy
effective-dihedral parameter, ZE—, per deg
. AC,
directional-stability parameter, 25—3 per deg
: ACy
side-force parameter, ZE—, per deg
ACp
longitudinal-control-effectiveness parameter, Zg—’ per deg where
e
e = 6e,R = 6e,L
ACq
lateral-control-effectiveness parameter, Zg—, per deg where
e

Be = 8e,R = 'ae,L

AC
directional-control-effectiveness parameter, Zgg, per deg

r
. . Cy,
lift-drag ratio, -—=
Cp
. P - DBy,
pressure coefficient, T

oot
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c local chord, ft

c mean aerodynamic chord of exposed basic wing planform, ft
D body diameter, ft

M free-stream Mach number

P static pressure, 1lb/sq ft

D, free-stream static pressure, 1b/sq ft

9, free-stream dynamic pressure, lb/sq ft

Spef model reference area, EK—’ sq ft

t local airfoil thickness, ft

a angle of attack, deg

B angle of sideslip, deg

E%g center-of-gravity location forward of the model base
f%B center-of-pressure location forward of the model base
Se,R right elevon deflection angle (positive T.E. down), deg
Se,L left elevon deflection angle (positive T.E. down), deg
S rudder deflection angle (positive T.E. left), deg

0c vertical-tail cant angle (positive tip outward), deg
B¢ vertical-tail toe-in angle, deg

Subscripts:

o] conditions at zero angle of attack or zerc 1lift

max maximum

b body base

4 ! e——
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r rocket-engine base

c balance chamber

MODEL DESCRIPTION

Two vehicle configurations were employed in this investigation: the com-
plete two-stage launch vehicle and the first-stage winged reusable booster.
General model arrangements are shown in figure 1 and the details, in figure 2.
Photographs of the launch vehicle and first-stage reusable booster are shown in
figure 3 and model dimensions are given in table I.

Complete Launch Vehicle

The complete launch vehicle model consisted of two stages in tandem as
shown in.figure 1. The first stage consisted of a ballistic rocket booster
stage with a length-diameter ratio of 3%.65 including interstage structure
together with a wing and other reusable provisions to be described later, a
second-stage expendable booster with a length-diameter ratio of 2.92 including
interstage structure, and a representative ogival spacecraft having a length-
diameter ratio of 2.21 including interstage structure. Four simulated rocket
engines, displaced 45° from the vertical axis of symmetry were mounted parallel
to the body axes to simulate the launch arrangement. Two 15° half conical
shrouds were employed to provide protection of the two upper rocket engines
from aerodynamic loads during launch and the wing-body-juncture fairing was
shaped to provide protection for the two lower engines. At the body base a
short parabolic boattail fairing was incorporated. (See fig. 2(b). Details
of t?e shrouds, rocket engines, and spacecraft are given in figures 2(a)
and (b).

Winged Reusable Booster

Arrangements of the complete first-stage winged reusable booster are shown
in figure 1. Generally it consisted of two assemblies; the complete ballistic
rocket booster and the complete winged reusable system attached thereto. For
the flyback configuration, the upper stages were removed from the ballistic
first stage and a spherical forebody was attached.

A trapezoidal wing (fig. 2(a)) with a 65° leading-edge sweep angle was
mounted on the rocket booster so that the center of gravity coincided with
22 percent of the exposed mean aerodynamic chord. The exposed planform area

(neglectlng trailing-edge extensions) was T. 5ﬁ2 the taper ratio was 0.35, and
5° of geometric dihedral was employed. The wing was mounted so that the upper-
most wing element at the plane of symmetry was tangent to the body diameter -

that 1s, the chord plane was parallel to and tmax/g below the body diameter.
The basic airfoil section consisted of a symmetrical 10-percent-thick circular

ox GONRDETTIY 5
gr—' —
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arc with a leading-edge radius of tmax/6 and a trailing-edge thickness of

tmax/55 no twist or camber was incorporated. To improve subsonic L/D charac-

teristics a trailing-edge extension on the wing amounting to 15 percent of the
local chord and consisting of simple wedge profile was installed as shown in
figure 2(a). At the center section, inboard of the 10 percent semispan station,
a center flap with a straight trailing edge amounting to 15 percent of the local
chord at the 10 percent station was provided.

The vertical tails (fig. 2(a)) were located outboard at the wing tips, and
employed 15° of outboard cant. Toe-in angles of 0° and 5° were provided by
rotating the vertical taill about its midcuord. The airfcil ceetion was similar
to that for the wing but without the trailing-edge extensions. The taper ratio
was 0.60.

Two propulsion engine nacelles are under consideration for this vehicle.
One consists of a fully retractable nacelle and the other, a semisubmerged
nacelle. At the test Mach numbers the vehicle would be in a supersonic glide
and the retractable nacelle was considered to be in the retracted position.
Installation of the semisubmerged nacelle is shown in figure 1. Details of the
semisubmerged engine nacelle are given in figure 2(b). A simple elliptic cylin-
drical pod to simulate a crew nacelle was located on the wing leading edge at
20 percent of the left wing semispan. It was mounted with its axis on the wing
chord plane. (See figs, 1 and 2(a).)

Control Surfaces

Nearly full-span elevons amounting to 20 percent of the basic chord were
provided. They extended from 10 percent to 90 percent of the exposed semispan
(not including tip fairing). Deflection angles of O° and *20° were provided
with hinge plates. The elevons were considered to provide both pitch and roll
control.

Directional control was provided by 0.30c control surfaces located on the
trailing edge of the vertical tails and extending from approximately the 10O per-
cent station to the tip. By means of hinge plates provisions were made for
deflection angles of 00 and -10°.

APPARATUS AND TESTS

The tests were conducted in the Langley Unitary Plan wind tunnel at Mach
numbers of 2.36, 2.96, and 4.63, at angles of attack from -4° to 35°, and at
angles of sideslip of 0° and 4°. The launch vehicle was tested from angles of
attack of -4° to 16° and the first-stage winged reusable booster from -4° to

3590, Test Reynolds number per foot was approximately 3 X 106 for the launch

vehicle and 2 X 106 for the reusable booster. For the flyback configuration,
longitudinal, lateral, and directional control deflections of -20°, #20°, and
-10°, respectively, were tested.

6 SRR
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b oS et
All experiments were conducted with artificial transition consisting of
1/16-1inch-wide strip of No. 60 carborundum grains located on the spherical fore-
body rearward of the body Jjuncture and at the 0.10c station of both surfaces of
the wing and vertical tails.

Six-component static aerodynamic force and moment measurements were
obtained by means of an internally mounted strain-gage balance. Angles of
attack and sideslip were corrected for balance and sting deflection under load.
All drag data are presented with no base-pressure corrections applied; however,
pressure measurements were made 1n the balance chamber, on the body base, and on
the rocket engines. All forces and moments are reduced to coefficient form and
are referred to the area of the body base and its diameter. The moment refer-
ence station was located 0.90 diameter forward of the model base. (See fig. 1.)

RESULTS AND DISCUSSION

The results of this investigation have been divided into two primary parts.
The first consists of the data for the complete launch vehicle; the second, the
data for the first-stage winged reusable booster. Figures 4 to 8 present the
basic and summary aerodynamic characteristics of the complete launch configura-
tion. Figures 9 to 18 include the basic and summary data for the first-stage
winged reusable booster. All force and moment data are referred to the area of
the body base and its diameter. All moments are referred to the assumed center
of gravity which was 0.90 diameter forward of the model base, which is the esti-
mated center of gravity for the first stage during flyback to the recovery site.

Complete Launch Vehicle

For the complete launch vehicle, the normal-force-curve slope decreased and
became progressively nonlinear with increasing Mach number. (See figs. 4 and
5.) The launch vehicle is shown in figures 4 and 5 to be longitudinally unsta-
ble about the chosen moment reference center and became progressively more
unstable with increasing Mach number. In order to assess the longitudinal sta-
bility adequately, consideration must be given to the actual center of gravity
and its change during launch as the fuel is progressively consumed. An estimate
of the center of gravity at the representative test Mach numbers is shown in
figure 8. The variation of center of gravity shown with Mach number is obtained
by taking into account the propellant burned over a representative launch tra-
Jjectory for this vehicle. From figure 8 it is concluded that the launch vehi-
cle's longitudinal center of pressure is rearward of the estimated center of
gravity for all test Mach numbers at an angle of attack of O°.

Figure 7 shows the launch vehicle to be directionally unstable at angles
of attack of 0° and 12° about the chosen moment reference center. From fig-
ure 8 it is concluded that the lateral center of pressure is rearward of the
egtimated center of gravity for all test Mach numbers at an angle of attack of
0~.

CONEIOENS e T
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First-Stage Reusable Booster

Iongitudinal stability.- Figure 9(a) shows that for the first-stage reus-
able booster the pitching-moment-coefficient curves were nonlinear and were
characterized by a large range of 1ift coefficients with nominal stability for
the angle-of-attack and Mach number range of the tests. The level of the
pitching-moment-coefficient curves increased with Mach number and may require
both positive and negative control deflections to trim the vehicle. Installa-
tion of the vertical tails shows significant improvements in stability through-
out the Mach number range. It seems apparent that the usual end-plate effect
has been achieved which accounts for the improvement in longitudinal stability.
Toeing-in the vertical talils 59 resultcd in o decrease in the level of the
pitching-moment curves and was probably caused by increased wing-tip loading.
Installation of the semisubmerged engine nacelle provided an increase in
pitching-moment level in the low angle-of-attack range but generally resulted
in a more severe stable break in the pitching-moment curves in the high angle-
of-attack range. This was probably caused by high positive pressures on the
forward facing ramp, employed to close the inlets and protect the engines, as
the angle of attack was increased positively.

At these test Mach numbers the first-stage winged reusable booster would
be expected to be in a supersonic glide attitude and the region of main interest
is near maximum L/D conditions. Figure 10 summarizes the longitudinal stabil-
ity near maximum L/D. All the results for the vertical tails on indicate
positive longitudinal stability, and for the vertical tails toed-in 5° the high-
est stability over the test Mach number range is indicated.

Drag and lift-drag-ratio characteristics.- The drag coefficients at o°
angle of attack are shown in figure 10. Addition of the vertical tails resulted
in an increase in Cp,o of about 20 percent over the Mach number range. This

large increase in drag probably resulted from interference drag at the wing and
tail Juncture and improper alinement with the local flow. Figures 9(a) and 10
indicate that the vertical tails generally reduced the drag due to lift as a
probable result of the end-plate effect on lift distribution. Toelng in the
vertical tails 5° decreased CD,o at the lower Mach number (fig. 10). This
decrease was probably caused by closer alinement with the local flow direction
and the resultant reduction of drag due to side force on the vertical tail.
The maximum value of L/D for the 5° toe-in configuration varied from about
1.9 to 1.45 over the Mach number range. Installation of the semisubmerged
engine nacelle degraded the drag at 1lifting conditions as shown in figure 9(a)
due tc the increased pressure on the forward facing inlet closure ramp.

Lateral-directional stability.- Positive effective dihedral (fig. 11) is
shown above angles of attack of 14° at a Mach number of 2.36 and 8° at a Mach
' number of 4.63 for all configurations tested. The favorable influence of angle
of attack of a highly swept wing on effective dihedral is illustrated by the
results shown for 0° and 20°. (See fig. 12.)

The substantial contribution to directional stability of the outboard
mounted vertical tails is shown in figure 12. BEmploying 5° of toe-in of the
vertical tails resulted in an increase in directional stability about equal to

| O e g |
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the installation of the vertical tails themselves. Surprisingly little effect
of angle of attack up to about 35° on yawing-moment coefficient is shown for all
configurations tested (fig. 11). The stability level shows very little deteri-
oration with increasing supersonic Mach number. Figure 12 also shows the small
adverse effect on directional stability of the semisubmerged flyback engine
nacelle which was located appreciably forward of the center of gravity. (See
fig. 1.)

Control effectiveness.- Comparison of figures 9(a) and 13(a) shows that
an up-elevon deflection of 20° caused a severe decrease in longitudinal sta-
bility at all Mach numbers which resulted in unstable characteristics at all
1ift coefficients greater than about 3.0. This deflection resulted in small
increases in directional stability (fig. 15). Figure 14 shows the longitudinal
instability at conditions near (L/D)m of an up-elevon deflection of 20°.

ax
Longitudinal control effectiveness (fig. 18) decreased rapidly with increasing
Mach number but increased with angle of attack.

Figure 17 summarizes the lateral directional stability characteristics with
deflected lateral and directional controls. Deflection of both rudders to the
right 10° or differential elevons *20° caused generally small effects on CZB

or Cp_, . Figure 18 shows that rudder effectiveness decreased with increasing

B

Mach number and angle of attack.

The ability of the differential elevons deflected ¥20° to produce roll
control is shown in figure 18. The effectiveness increased with angle of attack
but decreased with Mach number; however, the Mach number deterioration was con-
siderably reduced at the higher angles of attack. The interaction of roll con-
trol on yawing moment can be seen in figures 11(c¢) and 16(b). An unfavorable
yawing moment was introduced which may decrease directional control. From fig-
ure 17 it can be seen that there was a positive contribution to directional sta-
bility at o = 20° due to differential elevon deflection. These effects would
have to be evaluated critically to determine if an adverse effect on dynamic
stability would result.

CONCLUDING REMARKS

An investigation has been conducted in the Langley Unitary Plan wind tunnel
to determine the longitudinal and lateral-directional stability of a complete
launch vehicle and its fixed-wing reusable first stage. In addition, control
effectiveness was obtained for the reusable first stage. Test data were
obtained at Mach numbers of 2.3%6, 2.96, and 4.63, angles of attack from -L4° to
550, and sideslip angles of O° and 4°. Test Reynolds number per foot varied

from approximately 2 X lO6 to 3 X 106. The principal results may be summarized
as follows:

RIS tatl o T
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1. The longitudinal and lateral center of pressure of the launch vehicle
was rearward of the estimated center of gravity for all test Mach numbers at
an angle of attack of 0°.

2. The complete first-stage flyback booster was longitudinally stable
throughout the Mach number range, although large changes in stability occurred
with angle of attack.

3. Vertical-tail toe-in has been shown to be a powerful tocl in improving
directional stability. Negligible changes in directional stability with Mach
number or angle of attack up to 35° were observed.

k., Severe degradation of longltudinal stability resulted from upward ele-
von deflections at all test Mach numbers. Longitudinal control effectiveness
decreased rapidly with increasing Mach number but increased with angle of
attack.

5. Rudder effectiveness decreased with increasing Mach number and angle of
attack but deflecting the rudders had little effect on directional or lateral
stabllity.

6. Differential roll-control effectiveness increased with angle of attack

but decreased with Mach number.

Langley Research Center,
National Aercnautics and Space Administration,
Langley Station, Hampton, Va., February 4, 1965.
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TABLE I.- GEOMETRIC CHARACTERISTICS

EUJ_linear dimensions are in inche%

Reusable first-stage booster -

Body:
Length, overall . . . v v & ¢« v v v v v v v v i e e e e e e e e . 1301k
Diameter . ¢ . ¢ « ¢ v 0 v 0 e e e e e e e e e e e e e e e e 3.17
Base area . . . e e e e e e e e e e e e e e e e e 7.88
Length/Diameter, cyllndrlcal body e e e e e e e e e e e e 3.65
Moment reference from DESE .« « v v v v v v v 4 4 o o v e e e e e 2.85

Shrouds:
Length, 15°% . . . . . . . e e e e e e e e e e e 2.52

Wing:
Total area, including trailing-edge extension . . . . . . . . . . 122.60
Exposed area, including trailing-edge extension . . . . . . . . . 88.00
Exposed area, neglecting trailing-edge extension . . . . . . . . . 75.40
Root chord at fuselage juncture . . . . . . . « v v v v v v v 4 . 9.38
Tip chord & v v vt ot e e e e e e e e e e e e e e e e e e e 3.28
Span (total) . . « ¢ v . it e e e e e e e e e e e e e e e e e . 15005
Leading-edge sweeD, d€Z « « + v ¢ 4 4 4 e e e e e e e e e e e 65
Positive dihedral, Geg . v « v & v 4« 4 e v v e e e e e e e e e e 5
G O O [

Leading-edge radius . . . . . . . . . o000 e . by [6
Trailing-edge thickness . . . v v ¢ v v v v v v v v v e v e e tmax/5

Airfoil section . . . . . . . . ¢« ¢ . ¢ v v v e « v e « . . Circular arc

T, based on eXposSed YA « + + « « 4 4 4 4 e 4 e e e e e e e e e 6.83
Moment reference, from leadlng-edge WING + ¢« & v ¢ v 4 40 e e e e . 0.22¢8
Moment reference, distance from body base . . . . . .« « . . . . . 2.85
Aspect ratio . . . . . . . e e e e e e e e e e e e e e e e e e 1.93
Vertical tail:
Area, €ach . v v v v v v e e e e e e e e e e e e e e e e e e e 9.43
Root, chord . . . . . ¢ v v v v v v v i e e e e e e e e 3.65
Tip chord . . & v ¢ v it ot e e e e e e e e e e e e e e e e e e 2.19
Hedght . . . . o e i i e e e e e e e e e e e e e e e e e e e e 3.23
Leading-edge sweep, deg . + . ¢« ¢« v v v e 4 e e e e e e e e a0 30
L A e

Leading-edge radius . . . « © ¢ v e v 4 e v e e e e e e . tmax/6

Trailing-edge thickness ... . . . . . . .. v v v v o v v o . tpax[3
Airfoil seetion . . . . . . . ¢ . . . v v 4 v 4 v v . « . . Circular arc
Toe-in, deg « v v v v v« v 4 4 4 4 e et e e e s e s e e e e . . 0and5
Cant, deg . . . . . . C e e e e e e e e e e e e e e e e e e 15
Tail moment arm, c.g. to E/h) tail . . o o o e e e e e e e e 7.51

Second-stage expendable rocket booster -
Length . o . L 0 0 v v s e e e e e e e e e e e e e e e e e 9.25
Diameter . . . e e e e e e e e e e e e e e e e e e e e e e e e 3.17
Length/Dlameter e e e e e e e e e e e e e e e e e e e e e 2.92

Spacecraft -
Length « v v 0 v e e e e e e e e e e e e e e e e e e e e e 7
Diameter, Dase . . ¢ v v v ¢ v v v 4 e e e e e e e e e e e e e e e 3.17
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) -~ mo_ 4t
3771 ‘ 5™=dihedral
|
Jy -

~— T.E.extension ‘

7.706
|

.359

= Vertical tail 5°_toe in position
pivot point

Wing

L«—\—c—ﬂ—’-‘ 'r—<*.|5c T.E. extension

N -Circular arc

Typicol wi
Vertical tail ypical wing chord

y X ty
1.00 135
200 146
3.00 13t
400 109
5.00 89
600 47
7200 07
714 0
Spacecraft Crew nacelle

(a) Wing, vertical tail, crew nacelle, and payload.

Figure 2.- Details of model components. All dimensions are in inches unless otherwise
noted.
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(a) Complete launch configuration. L-64-7561

(b) First-stage reusable booster. L-6L-756L4

Figure 3.- Photographs of models used in investigation.
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